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Rubidium localization in single-walled carbon nanotube bundles: Structural study

N. Bendiab*
Institut Néel, Université Joseph Fourier et CNRS, 34020 Grenoble, France

A. M. Saitta
Institut de Minéralogie et de Physique des Milieux Condensés, CNRS-UMR 7590, Université Pierre et Marie Curie-Paris 6,
Université Denis Diderot-Paris 7, IPGP, F-75252 Paris, France

R. Aznar, J. L. Sauvajol, and R. Almairac
Laboratoire des Colloides Verres et Nanomatériaux, CNRS-UMR 5587, Université Montpellier 11, 34095 Montpellier Cedex 5, France

I. Mirebeau and G. Andre
Laboratoire Léon Brillouin, CEA et CNRS, 91191 Gif-sur-Yvette, France
(Received 12 February 2008; revised manuscript received 27 June 2008; published 15 September 2008)

X-ray and neutron-diffraction investigations of rubidium-intercalated single-walled carbon nanotubes are
reported. Ab initio calculations conducted in combination with our experiments show that for a single Rb ion
the most energetically favorable intercalation site is the interstitial channel between three tubes in a bundle. At
higher doping levels, as the Rb content increases, this site becomes however unfavored with respect to the
interior of the tubes or the external surface of the bundle. Model simulations of the diffraction patterns, capable
of well reproducing both the x-ray and neutron-diffraction patterns, indicate that only the latter insertion sites
are compatible with the experimental data. Finally we show that the bundle surface site is the most probable
one in the case of saturation at an estimated stoichiometry close to RbCyg.
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I. INTRODUCTION

Single-walled carbon nanotubes (SWNTS) constitute, due
to their unique structural and electronic properties, a new
class of materials of great interest in the development of
novel nanoscale electronic devices. The tunability of their
electronic properties by controlling their Fermi level is major
issue in such device applications; as a consequence, the un-
derstanding of their structural and electronic properties under
doping is of crucial importance. Recently, a significant
amount of experimental and theoretical work on their elec-
tronic properties have shown the effective possibility of tun-
ing their Fermi level by electron or hole doping using accep-
tor or donor intercalation'"'* or by applying a gate
voltage.'*~!8 Experiments show that the maximum intercala-
tion ratio C/M (alkali metals) is ~8:1 as for the highest
doping level in graphite but the localization of these dopants
inside the nanotube bundle is not yet solved.

In a bulk sample, most of the single-walled carbon nano-
tubes are organized in a two-dimensional (2D) triangular lat-
tice of finite size forming long crystalline bundles. These
bundles of SWNTs present various cavities that can be filled
with molecules or ions. Molecular-dynamics simulations
have shown that gas molecules can occupy different sites
inside the bundle: the so-called “groove” (G), in between
two adjacent tubes at the outer surface of the bundle (GS),
the interstitial channel (T) in the triangular void in between
three tubes, the exterior surface of the bundle (S), and the
inner hollow cavity of the tubes (I). These sites can be dif-
ferently occupied according to the chemical nature and the
size of the guest species.

The 2D triangular lattice is featured by a (10) Bragg peak
at 0.4 A~! in the x-ray and neutron-diffraction diagrams of
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usual SWNT samples.'>?® X-rays diffraction has shown a Q
downshift of the (10) Bragg peak in alkali-doped SWNT
bundles.?!?> This observation has been generally described
in terms of a 2D lattice expansion, and different models of
arrangement of the alkali atoms in doped SWNT bundles
have been proposed to explain it. In close-end SWNTs, the
dopants are expected to be inserted into the interstitial chan-
nel (T) between the adjacent SWNTSs according to a continu-
ous model* and to ab initio calculations.”® In these two
models, the insertion of alkali ions in the interstitial channels
requires a significant expansion of the triangular lattice.

In this paper, we present combined x-ray and neutron-
diffraction investigations, performed on the same alkali-
doped SWNT sample, which question the relation between
the expansion of the lattice and the position of the (10) Bragg
peak in alkali-doped SWNT. We also compare these experi-
mental results to ab initio calculations and to a diffraction
model. We conclude that the most probable site occupied by
the alkali atoms is the bundle surface, i.e., in the present case
the Rb atoms do not penetrate inside the SWNT bundles.

II. EXPERIMENTAL SETUP

The nanotube sample was synthesized by the electric arc
method using a mixture of nickel and yttrium as catalysts
~99:0.5:0.5% at. of C:Ni:Y. In this case the raw material
was made of a large collection of soft cottonlike parts, which
have been characterized by x-ray diffraction and selected ac-
cording to the strength of the (10) Bragg reflection of the
bundles. Consequently, the sample we studied contained a
large amount of bundles. The powder was separated into two
parts, one as reference materials (called “pristine” or “raw”)
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FIG. 1. (Color online) Comparison of saturated Raman spectra
(in blue) and present inserted sample Raman spectra.

and the other was used for Rb insertion. In this selected part,
the tube diameters are estimated to be about 1.4 0.2 nm.
After outgassing and annealing the powder at 250 °C for 48
h under dynamical vacuum, doping of SWNT bundles in the
vapor phase was achieved in a Pyrex reactor by heating ru-
bidium metal at 180 °C. A difference of temperature of
about 20 °C was imposed between the alkali-metal reservoir
and the SWNT sample in order to prevent alkali-metal con-
densation on the sample. The sample was exposed to ru-
bidium vapor phase during 12 h. The estimated stoichiom-
etry is RbCy. (saturated phase). The nanotube sample was
characterized before and after the intercalation process by
measuring its Raman and its x-ray and neutron-diffraction
diagrams.

X-ray data were collected using a curve position sensitive
detector INEL-CPS 120 equipped with a Cu Ko (1.542 A)
source and a Ge monochromator. Neutrons data were mea-
sured on the G6-1 and G4-1 diffractometers at the Labora-
toire Léon Brillouin in Saclay with 4.741 and 2.4266 A in-
cident wavelengths, respectively. A banana-type detector
covering a 80° 26 range were used with two positions so
that a 150° 26 range could be explored. The neutron-diffrac-
tion data were collected for the sample using a mass of 50
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mg, whereas the x-ray data were obtained on a smaller mass
of about 1 mg.

III. EXPERIMENTAL RESULTS
A. Raman results

First, in order to have a reasonable estimate of the sample
stoichiometry, we compared the Raman spectra of the in-
serted sample to a saturated-doped sample. From the similar-
ity of the spectra, we can argue this sample is a quasisatu-
rated one (see Fig. 1), and its stoichiometry can be estimated
as (close to) RbCg. Once the preliminary Raman study was
achieved, we performed x-ray and neutron-diffraction ex-
periments to determine their structure and the localization of
the rubidium atoms.

B. Diffraction

In Fig. 2 we present the x-ray and neutron-diffraction pat-
terns for the reference sample and for the intercalated pow-
der. As expected the raw sample displays the same diffrac-
tion pattern in both cases. The simulated pattern of raw
material is found to be in good agreement with the data and
thus provides the structural characteristics of the raw sample,
such as the mean tube diameter of 13.6 A with a cell param-
eter of 16.7 A and a diameter distribution of 2 A (Gaussian
distribution assumed). The diffraction model calculations
were performed for bundles containing 30 tubes.

Upon rubidium intercalation, the x-ray-diffraction pattern
changes (see Fig. 2). The (hk) reflections of the bundles arise
above a large background (see the horizontal line which in-
dicates the zero level), probably due to some structural dis-
order. One observes a strong shift of the (10) peak to small Q
and a decrease in its intensity, in contrast with the neutron-
diffraction pattern which shows no shift of the (10) peak.
This large discrepancy between the x-ray and neutron-
diffraction patterns is thus an unexpected result requiring fur-
ther investigation. The downshift of the (10) peak would
reflect a 13% apparent increase in the cell parameter of the
bundles in the usual approach. One would logically conclude
that the intercalation of the rubidium atoms occurs in be-
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FIG. 2. (Color online) X-ray and neutron-diffraction patterns before and after intercalation. X ray: the horizontal line indicates the zero

level for the inserted sample.
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TABLE 1. Comparison of the respective contributions of ru-
bidium and carbon to the total response obtained with both
radiations.

Source Rb C Crossed
RbCy X rays 20% 31% 49%
neutrons 1.4% 78% 20.6%

tween the tubes (T sites) resulting in a strong increase in the
apparent tube-tube distance inside the bundles. This hypoth-
esis has been supported by other groups in the case of SWNT
bundle intercalation.

However, when considering the neutron data this interpre-
tation of the x-ray pattern should be questioned. A careful
inspection of the other (kk) reflections of the triangular lat-
tice could give precise information on the parameter expan-
sion. The other reflections are well defined in the x-ray pat-
terns of the pure compounds (see Fig. 2) but they are very
weak in the intercalated ones, this might reflect the partial
disordering of the bundles after intercalation. A first insight
on the origin of the difference in between the position of the
(10) peak into the neutron and x-ray diagrams can be ob-
tained by comparing the respective contributions of rubidium
and carbon to the total response obtained with both radia-
tions (Table I). This can be done by comparing the scattering
factors (x ray) and the scattering amplitudes (neutrons) for
both elements (response at Q=0).

The first column represents the weight associated to the
contribution of the rubidium structure, the second column
represents the weight associated to the tubes contribution,
and the last column represents the weight affected to the
crossed interference reflecting the relative position of the
tubes and rubidium atoms. Taking the neutrons response of
RbCy as an example, the contribution of rubidium to the total
response is 1.4%, of carbon tubes is 78%, and the contribu-
tion of the crossed term is 20.6%. The neutrons are therefore
more sensitive to the nanotubes response. As the change in
the (10) peak position is negligible for neutrons, the effect of
rubidium intercalation inside the bundle structure should not
be interpreted as an expansion of the tube-tube distance. The
direct consequence of this observation is that the (10) shift
observed in x-ray diffraction pattern is very unlikely due to a
lattice expansion and then its origin should be searched else-
where. The origin of this shift is clearly the participation of
the rubidium atoms to the global response. As it was de-
scribed in a previous work,?' the diffraction response of
doped samples is subtle and determined by a competition
between the contribution of the structure factor and of the
form factor. This competition gives unexpected effects. The
explanation of this apparent contradiction between X rays
and neutron pattern has to be found in respective weight of
these contributions, whose role can be obtained by calculat-
ing the exact response of SWNT bundles. The insertion of
one rubidium ion in the 7 site is easily achieved as in prin-
ciple it only needs a 0.8% expansion of the triangular lattice
but when the number of rubidium dopants increases the ex-
pansion necessary to accommodate the intercalating atoms
becomes too large to be compatible with the neutron pattern.
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To obtain quantitative indications about the occupation sites
of the rubidium ions, we performed ab initio calculations.
Moreover, we developed a numerical diffraction model in
order to interpret the experimental diffraction patterns.

IV. AB INITIO CALCULATIONS
A. Computational details

The combination of accurate experimental spectra, from
both neutron and x-ray scattering experiments, and of a
model for the interpretation of such spectra gives us precious
insights on the localization of Rb intercalants in nanotube
bundles. Other important pieces of information can be ob-
tained through ab initio calculations. Our first-principles cal-
culations are based on density-functional theory (DFT)
within the plane-wave (PW)/pseudopotential scheme imple-
mented in the QUANTUM-ESPRESSO code.”* We adopt a
Perdew-Burke-Erzherhof gradient-corrected functional and
ultrasoft pseudopotentials to describe the C and Rb atoms. A
PW kinetic-energy cutoff of 30 Ry is sufficient to ensure
convergence on the structural, electronic, and vibrational
properties. We study the (9,9) metallic armchair SWNT,
whose unit cell contains 36 distinct carbon atoms and whose
tube diameter is 12.3 A. Although smaller than the average
experimental diameter, this value falls within the experimen-
tal size distribution. On the other hand, it allows a significant
reduction in computer-time demand. Calculations with six
Rb dopants occupying the GT sites were repeated with a
(10,10) nanotube having a diameter of 13.6 A. Integrations
in the nanotube one-dimensional Brillouin zone have been
performed by using regular grids of k points along the ¢
reciprocal axis. We use a Fermi-Dirac electronic smearing of
0.01 Ry, and grids of 8k points were sufficient to ensure
convergence.

The structural calculations are performed by setting the
nanotube in an infinite lattice of hexagonal symmetry in the
plane perpendicular to the tube axis z, mimicking thus the
bulk effect of a real nanotube bundle or an isolated tube by
varying the intertube distance djp, whose experimental esti-
mate is d*P~3.1 A. We note here that the use of periodic
boundary conditions only allows the study of the T, GT
(grooves in triangular site), and I intercalation sites, while
the GS and S (surface) site would necessitate a much larger
system, too expensive from the computational point of view.
However, although no explicit calculations have been carried
out for the surface sites, the results for the other intercalation
sites allow a reliable prediction, as we will show in the fol-
lowing. Our simulation box contains three unit cells along
the z direction, and thus 108 carbon atoms; the ¢ side of the
hexagonal box equals thus 7.38 A and is maintained con-
stant throughout the calculations. This distance is sufficient
to minimize the interaction of the Rb dopants with their pe-
riodic images. The choice of only two unit cells along the z
direction, which would significantly reduce the computa-
tional cost, is unfeasible since it would imply each rubidium
atom to be at a distance of only 4.92 A, very similar to
typical Rb-Rb distances, from its periodic images. In other
words, given the periodic boundary conditions, each ru-
bidium atom in the calculation box would correspond to ac-
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tually describing an infinite Rb chain rather than an indi-
vidual atom, which would certainly alter its electronic and
chemical properties.

B. Geometry of the intercalation

An accurate study of the geometrical aspects of the inter-
calation is necessary to the choice of the most probable dop-
ing configurations. We will see in the following that this
analysis leads to a substantial difference in the geometry of
the intercalation whether it occurs inside (I sites) or outside
(T and/or GT sites) the tubes. On the other hand, the surface
(GS sites) intercalation is likely independent of the geometry,
the energetics playing the major role. Since we are mainly
interested in the possible expansion of the nanotube lattice,
we focus first on the geometry of the hexagonal base of the
unit cell of parameter a=15.7 A, and then on the vertical
direction, parallel to the ¢ axis. We can define an effective
thickness dyp of the nanotube wall as twice the minimum
distance beyond which outer atoms (including the walls of
other nanotubes) cannot approach. This quantity helps in the
estimate of the surface areas, perpendicular to the tube axis,
actually available to the dopants; a reasonable choice for dyr
is the experimental intertube distance d**P'. Indicating with d
the diameter of the nanotube and with djr the intertube dis-
tance, the total base area of the unit cell is

Auy=a*\3/2 ~213 A2 (1)

in our unexpanded (9,9) SWNT case, where djp=d*'. Please
note that however dyp> dyp=d®*?* for expanded lattices, as
schematically shown in the top panel of Fig. 3. Considering
that the typical Rb-C distance is d8*C=3.2 A, an individual
rubidium close to a nanotube wall occupies an area

ARC _ (qROC_ g o2 7 A2, (2)

Since the typical Rb-Rb distance is d®®R°=4.9 A, as in-
ferred not only by bulk rubidium but also by the graphitic
RbCy intercalated compound, we can argue that when
two or more rubidium atoms occupy the same portion of
space, its effective radius can be estimated as
F((dRC—dyr/2)%dR"RP) and the effective area per rubidium
atom as ARP =15 A2,

In the I-site intercalation, the area available to the dopants
depends of course on the individual diameter of each of the
nanotubes in the bundles: Ay, =(d—dyy)?>m/4. Given that re-
alistic SWNTs, such as those present in our experimental
samples, have diameters larger than 12 A, the circular-
shaped area available to the rubidium atoms is at least
58 AZ and it equals 63 A in the (9,9) SWNT case. In the
outside intercalation cases (T and GT sites), the available
area per unit cell, A, is given by the difference of the total
area of the unit cell, A, and the area of the outer nanotube
section, Aqp=(d+dyr)>m/4=193 A% Ay is essentially de-
termined by the intertube distance, and with our structural
parameters it equals 20 A% However, it should be noted that
it consists of two almost-disconnected quasitriangular por-
tions, which reduces the total available area into two areas of
10 A% each. An increase in the intertube distance djp of
about 1.5 A (+9% of the lattice parameter) is necessary in
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FIG. 3. Schematic representation of the possible intercalation
sites in a nanotube bundle. The different sites and distance are la-
beled according to the text. The gray-shaded areas indicate the re-
gion that can actually be occupied by the Rb intercalants at the
(undoped) equilibrium lattice parameter (bottom panel) or in the
case of lattice expansion (top panel).

order to increase the area of each triangular intertube portion
(Agree/2) to about 30 A2 and thus to accommodate two ru-
bidium atoms.

In the study of the geometry in the vertical direction, one
should note that the use of a periodicity commensurate to the
geometry of the carbon nanotube somehow “forces” ru-
bidium atoms to be farther from each other along the vertical
direction than 7.38 A. However, in real samples the local
organization of the dopants is not constrained to be commen-
surate to the nanotube. As a consequence, an arrangement of
the Rb atoms locally stable in our calculation box could
probably be further “compressed” along the tube axis in real
samples. We conclude that the doping ratios corresponding to
our calculated local structures of the intercalated atoms
might be up to 35% larger in experimental samples, depend-
ing on the specific geometry.

The conclusion of this preliminary analysis of the geom-
etry of doping is that only two Rb atoms per unit cell might
occupy the T sites outside the tubes. This configuration cor-
responds to a theoretical (experimental) doping ratio of
~50 (~35), i.e., RbCs, (RbCjs). Higher outside dopant con-
centrations can be achieved only by occupying the GT sites
but likely at the expense of a large lattice expansion. On the
other hand, the I sites inside the tubes are likely to easily
accommodate a larger number of Rb atoms.

C. Results

1. Preliminary steps: Isolated tube

The first step of our first-principles calculations is the
study of the undoped nanotube. Our calculated nanotube di-
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ameter is very close to the experimental value. The theoret-
ical determination of the ideal lattice parameter is however
quite difficult since the potential energy is almost flat as a
function of the lattice parameter around the equilibrium
value; we observe a very shallow minimum, for the (9,9)
SWNT, at about 16.7 A, i.e., about 1 A or 6% larger than
the 15.7 A experimental data. We ascribe this discrepancy to
the gradient corrections that, contrary to the local-density
approximation, tend to predict too weak nonbonded interac-
tions. Given this very weak dependence of the energy from
the lattice parameter, we chose to study the different interca-
lated systems at different fixed lattice parameters, rather than
relaxing it along with the structural optimization of any
given configuration.

Another preliminary step of our computational approach
consisted in the determination of the optimal localization site
of a single Rb atom, which corresponds to a theoretical C/Rb
doping ratio of ~100, on both the external and internal walls
of an isolated tube. To this end, we chose a hexagonal lattice
parameter of 26.5 A, which corresponds to an intertube dis-
tance of about 14 A. In both the external and the internal
case, the Rb atom tend to localize close to the center of a
carbon hexagon, such that the average distance with its 6
closest carbon neighbors is about 3.2 A. This result is in
excellent agreement with the extended x-ray absorption fine-
structure (EXAFS) data of Bantignies et al.>> The adsorption
energy, calculated as the difference between the energy of the
system when the rubidium is very far away from the SWNT
and the energy when it locates at the optimal distance from
the (internal or external) tube wall, is about —0.8 eV.

2. Calculations on bundles: One intercalated atom

Once the lattice parameter is fixed to the experimental
value of 15.7 A and the system mimics thus an infinite
bundle of identical (9,9) SWNTs, we find that the optimal
localization of an individual Rb dopant is very close to the T
site with an adsorption energy of about —1.9 eV. This ar-
rangement should not induce any lattice dilatation since the
dopant is at an average distance of about 3.2 A from the
tube walls. However, it would induce a significant increase in
the intensity of the (10) peak, in contrast with the experimen-
tal results.

In the case of an individual rubidium atom localized by
the internal wall of the nanotube (I site), the absorption en-
ergy is very similar to the case of the isolated tube, about
—0.8 eV. Its main effect on the x-ray spectrum is a decrease
in the intensity of the (10) line, which agrees with experi-
ments. The intercalation energy in the case of GS-site ad-
sorption, which should not induce significant variations of
the lattice parameter, can be estimated around —1.5 eV. In
other words, the T site is the most favorable insertion site in
terms of the energetics, the more since it should not induce
any significant variation of the lattice parameter, but it is not
compatible with the observed decrease in the (10) peak. We
note that in real experimental systems, this intercalation con-
figuration imply that Rb atoms must lie more or less parallel
to the nanotube axis; as a consequence, their respective dis-
tance will be around 4.9 10\, i.e., significantly smaller than
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our imposed periodicity and the resulting experimental dop-
ing ratio in the same configuration probably as low as 70.

3. T-site intercalation with two or more atoms

The insertion of more than a single rubidium atom in the
system requires a careful analysis of the possible distribution
of the dopants with respect to the triangular arrangement of
the nanotubes in the bundle. In particular, since there are two
T sites per cell unit, a second Rb atom (theoretical/
experimental doping ratio ~50/~35, see above) would
likely occupy the second one. In this case, the calculated
adsorption energy per atom is about —1.7 eV, and the lattice
parameter increases in a small amount (1%). The intercala-
tion of two rubidium dopants between the nanotubes is also
possible when the atoms occupy two groove (GT) sites
within the same triangular T cavity. This configuration is
however unstable unless accompanied by a significant in-
crease in the lattice parameter, of the order of 10%, as pre-
dicted by the geometrical analysis. Even in that case, the
adsorption energy per atom would be slightly smaller (about
—1.55 V) than the intercalation in the two T sites. The en-
ergy of the adsorption of two Rb atoms inside a nanotube (I
sites) would be significantly smaller (in absolute values),
about —0.9 eV per atom. The surface intercalation energy at
low doping levels should vary only negligibly since ru-
bidium atoms are likely to be adsorbed at different sites on
the surface and thus to have little or no interaction at all.

The insertion of three or more rubidium atoms between
the nanotubes necessarily implies that at least two of them
must occupy the same triangular T cavity and thus be stable
only in the presence of a large lattice parameter increase. In
this regard, particularly interesting is the case of doping with
six Rb atoms, corresponding to a theoretical (experimental)
C/Rb doping ratio of 18 (~14), which represents a sort of
geometrical limit for “simple” intercalation external to the
nanotubes. Those six intercalants can in fact be placed in the
six GT sites of the two triangular cavities. Beyond this limit,
a significant structural reorganization and a major lattice ex-
pansion (>15%) are required for the system to be stable.?
We carried out calculations on the RbgC g system by placing
the six alkali atoms between (GT sites) or inside (I sites) the
nanotubes. In the former case, the atoms were put at the six
GT sites and different heights (%c, %c,c). In the unexpanded
lattice this configuration is highly unstable and did not even
converge to an energy value. Once we allow a lattice relax-
ation of 11.5%, the system is relaxed and brought to struc-
tural equilibrium; the corresponding adsorption energy per
dopant is about —1.25 eV. However, the corresponding (10)
peak intensity is almost doubled with respect to the undoped
case. Very similar results were found in a test with a slightly
larger (10,10) nanotube.

4. I-site intercalation with two or more atoms

In the case of I doping the system, independent of the
initial configuration, evolves along the relaxation such that at
the end the six Rb atoms are located roughly on two different
levels along the ¢ direction, one with four atoms and the
other one with two atoms. The adsorption energy per Rb
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atom is about —0.9 eV, which is slightly more negative than
in the case of the I-site adsorption of a single Rb atom. This
indicates that the system can favorably accommodate more
dopants. In fact, we observe that in order to maximize the
interaction of the positively charged rubidium dopants with
the negatively charged nanotube walls and to optimize the
mutual Rb-Rb distance, the most favorable arrangement in
the (9,9) SWNT is the one in which four rubidium atoms are
roughly on the same plane. This is actually in good agree-
ment with the geometrical analysis, which predicted an inner
available area ALy of about 63 A” and an effective area per
rubidium atom ARP=15 A2 i.e., A\p=~4AR®. In fact, our cal-
culations show that the inclusion of two more rubidium dop-
ants in the plane containing only two atoms, corresponding
to a doping ratio of 12, occurs with no significant decrease in
the adsorption energy per atom (—0.85 eV). In both cases
(six or eight I-site dopants) the (10) line intensity drops dra-
matically.

5. Extrapolation to surface intercalation

The estimate of the adsorption energy in the case of GS-
surface intercalation is more difficult for higher doping con-
centrations since dopants are denser and denser at the sur-
face, and their interaction becomes more and more
important. However, in the case of internal (I-site) doping
with two Rb atoms we observed that the energy is lower
when they are at a distance of about 4.9 A, rather than far-
ther apart. Moreover, since no strong geometrical constraints
are present at the surface, we can conclude that the adsorp-
tion energy per atom might still be of the order of —1.5 eV,
thus making the bundle surface the more likely intercalation
sites. The conclusions of our first-principles study are that at
saturation (~8) the GT (intertube)-doping energy is likely to
be even worse than —1.25 eV since larger and larger bundle
lattice expansion would be required. Moreover, these con-
figurations are incompatible with the strong decrease in the
(10) peak, observed experimentally in the x-ray spectra. On
the other hand, the I-site doping does not require a lattice
expansion, and the results at fixed lattice parameter indicate
that these configurations are more stable and compatible with
saturation doping, but their energetics is still unfavorable
with the (likely) adsorption energies of the surface intercala-
tion. To go further, we also perform a numerical model to
calculate the diffraction pattern for the different configura-
tions.

V. SIMULATIONS OF THE DIFFRACTION PATTERNS

In this section we present calculations of the diffraction
pattern for different configurations of SWNT bundles in-
serted by rubidium ions. Using a numerical model, we can
investigate the different possible insertion sites and compare
their specific diffraction patterns to the experimental ones.

A. Model description

A real sample of SWNT is made of bundles with different
sizes and different tube diameters. Accordingly we consider
a collection of seven bundles with different sizes ranging
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FIG. 4. (Color online) The collection of bundles used for model
calculations. Bundles of 3, 6, 7, 12, 13, 18, and 19 tubes. The sixth
bundle is shown in Fig. 5. The different sites occupied by Rb* ions
are shown in the figure. From left to right: raw, grooves (GS),
triangular channels (t), interior (i) random, interior (i) surface, and
grooves (GS).

from a small bundle of three tubes to a bundle of 19 tubes
(Figs. 4 and 5). The calculated intensity /(Q) diagram is
obtained by averaging the seven I,(Q) curves of each bundle
with a Gaussian distribution function centered on the fourth
case. The method used to calculate the 7,(Q) intensity curve
of a bundle has been described elsewhere.?%?! I,(Q) is sim-
ply the space average of the square modulus of the amplitude

A, (Q), where A,(Q) stands for the Fourier transform of the
collection of atoms considered, i.e., the bundle plus the Rb*
ions. Presumably the proportion of small bundles in a real
sample is larger than that of large ones. For this reason we
divided the seven I,(Q) curves by the number of tubes in
each bundle before applying the distribution function. More-
over the tube diameter dispersion is accounted for by aver-
aging the intensity curves /(Q) with a Gaussian distribution
function centered on the mean tube diameter determined for
the raw sample.

For simplicity we assume a uniform scatterer distribution
of carbon atoms on the cylindrical surface of each tube. In
contrast the rubidium ions inserted inside the bundles are
considered individually. Their positions are either ordered or
randomly distributed in the occupied site. This assumption
obliges to consider tubes of finite length, which we chose
equal to 45 A. This small tube is repeated along the tube
axis so as to get a final tube length of ~1000 A which is the
length used for the simulation. The diffraction patterns were
calculated in the following cases (see Figs. 4 and 5):

(a) raw SWNT;

(b) Rb in the triangular channels (T);

(c) Rb in the grooves of the triangular channels (GT);

(d) Rb inside tubes close to the interior surface (I) accord-
ing to ab initio predictions;

(e) Rb in grooves at the exterior bundle surface (GS); and

(f) Rb at the bundle surface (as in Fig. 5—one or more
layers) (S).

It is clear from Sec. IV and from Figs. 4 and 5 that the Rb
content in a bundle is strongly dependent on the possible
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FIG. 5. (Color online) The sixth bundle. The occupied site is the
exterior surface of the bundle with two layers (S). Right: view of
the Rb* ions along the tube axis (projection).
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FIG. 6. (Color online) Diffraction patterns simulated for seven bundles and stoichiometry RbCyg. Right is for neutrons and left for x

rays.

occupation sites. As the purpose of the calculation is to show
the influence of Rb insertion on the diffraction pattern in a
first step we artificially fix the same stoichiometry RbCg in
all the considered cases by playing on the scattering factor of
the rubidium. Taking the T site as an example the highest Rb
content is RbCg¢, which is very small. To simulate the case
of RbCg we multiply the scattering factor of Rb by 66/8. The
following parameters are used: mean tube diameter of
13.6 A and tube-tube distance a=16.7 A. The Rb* radius of
2.94 A taken in this simulation is slightly smaller than in ab
initio calculation. To avoid interpenetration a minimum
Rb*-C distance of 3.2 A is assumed.

B. Results

All the curves I(Q) showing the results of model calcula-
tions can be directly and quantitatively compared as they
correspond to the same stoichiometry. The different 7(Q)
curves calculated for neutron-diffraction display only small
differences (Fig. 6—right panel). The (10) peak around
0.46 A~! displays a slight downshift for insertion in the sur-
face grooves of the bundles (GS). Its intensity shows a minor
increase for triangular site intercalation (T) and decreases
equivalently for inner tube volume filling (I sites). More dra-
matic changes in the diffraction patterns are observed in the
case of x-ray scattering (Fig. 6—Ileft panel). Filling the tri-
angular channels (T) produces a strong increase in the (10)
peak compared to the raw sample. Inversely, this peak almost
disappears when the Rb atoms occupy the interior volume of
the tubes (I). This behavior is well known for SWNTSs, as it
has been explained by different authors.’’2° One also ob-
serves a strong shift of the (10) peak position to small Q for
filling of the I sites. A downshift of the (10) reflection ac-
companied by a decrease in its intensity has been observed in
the experimental data (Fig. 2) so that the I site is a good
potential candidate as Rb insertion site. The two other cases,
i.e., external grooves (GS) and bundle surface (S) display an
unexpected behavior. New bumps appear around 0.25 A~!in
the two cases. As these bumps lye in the Q range below
0.45 A~ it is important to understand their origin.

The simulation of the x-ray diffraction pattern of only one
bundle covered by a Rb layer on its external surface is shown
in Fig. 7 (left panel, top curve). In the same figure (left
panel) the patterns of the bundle alone (middle curve) and of
the Rb layer alone (bottom curve) are also shown. The ring
of Rb alone displays a diagram with diffraction feet at 0.12,
0.23, 0.33, and 0.43 A‘l, the two first ones being rather
strong. The same behavior occurs for the bundle alone with a
first foot around 0.16 A~! but with a smaller intensity. The
(10) reflection at 0.45 A~! is not a “foot” but a reflection of
the tubes array 2D crystal. When these two objects are
coupled (top curve) strong feet is found again but now with
different positions compared to the bottom curve. Moreover
the (10) reflection is shifted toward small Q. This coupling of
the tubes array diffraction pattern with the diffraction pattern
of the ring of Rb produces the supplementary bumps in Fig.
6 for S and GS sites. This could be called a “ring effect.” The
coupling is efficient because the size of the object—the
bundle—is nanometric. In the case of very large bundles
(~100 tubes) such effect would be negligible as the feet
would be at too small Q values. This ring effect for the other
sites is small compared to the S and GS sites (see Fig.
7—right panel).

To understand the real impact of this ring effect on the
diffraction pattern, a new set of 17 bundles ranging from 3 to
19 tubes with a one tube step from one bundle to the next,
was used for calculation. To save time the diameter averag-
ing of I(Q) was not applied. The I(Q) curves for I, T, and GT
sites do not change significantly. On contrary the patterns for
the S and GS sites change appreciably. As demonstrated in
Sec. IV the only sites compatible with a RbCg saturation
stoichiometry are the I and S sites if one takes account that
there is no bundle dilatation. So in the following only these
two sites will be considered. The patterns calculated for the I
site using the 17 bundles set are given in Fig. 8 (right).
According to the results of Sec. IV, the Rb atoms are ex-
pected to form a layer very close to the interior surface of the
tubes. The two curves correspond to the RbCg and RbC,
(saturated) stoichiometries. A peak appears around 0.72 A~!.
On the left-hand side of Fig. 8 are shown the changes in the
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FIG. 7. (Color online) Ring effect. Left: patterns for only one bundle. Right: patterns for the different sites and for the same bundle (Rb

only). All curves (left and right) are simulated for x rays.

x-ray pattern for different coverages of the bundle surface. A
progressive coverage of the S site with one, two, three, and
four layers produces a continuous downshift of the (10) re-
flection. Moreover a new bump appears around 0.3 A~! (see
the two layers curve) separated from the (10) reflection by a
depression. This behavior of the pattern is governed by the
ring effect. The depression corresponds to the first zero of the
Bessel function that represents the form factor of the tube
with the mean diameter. As previously explained, no diam-
eter distribution was taken into account for these latter simu-
lations with 17 bundles. In contrast for a wide diameter dis-
tribution this depression would become less pronounced and
then the “(10) reflection” would appear with a wide low Q
tail as in experimental curves.

VI. DISCUSSION AND CONCLUSION

A sketch of the RbCg phase in intercalated graphite is
shown in Fig. 9. The Rb atoms open a gap between the
graphite planes and occupy positions which face the carbon

hexagons. The Rb planes are intercalated between two
graphite planes. The geometry of SWNT bundles is very dif-
ferent compared to graphite. However an intercalation
mechanism can arise if the intertube space is increased. This
has been found in SWNT by Duclaux et al.?*> with the same
stoichiometry compound KCg. These authors indicate the T
site as the most probable occupation site. In their case the
vapor phase doping is followed by a long heating treatment
which presumably favors the penetration of the potassium
atoms inside the bundles and the dilatation of the hexagonal
lattice.

The whole analysis of our data (experimental and simu-
lated) suggests instead only two possible sites: the interior of
the tubes (I) and the filling of the bundle surface sites (S).
According to the energetic criteria the second option is the
most favorable, and this hypothesis is supported by the in-
spection of our calculated diffraction patterns. In fact, they
suggest that in the case of I-site intercalation, a new peak on
the right-hand side of the (10) reflection should appear
around 0.72 A~', in contrast with experimental data. More-
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FIG. 8. (Color online) Left: simulated /(Q) for the (S) site with different layers on the bundle surface (x-rays). Right: simulated /(Q) for

the interior site (I) with different stoichiometries (x-rays).
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FIG. 9. (Color online) Rb intercalation in graphite stoichiometry
RbCsg.

over, in order to penetrate the interior of the tubes, the Rb
atoms should first penetrate into the bundles from their sur-
face, which would probably occur by occupying the free
space between tubes. Ab initio calculations show that the T
sites are the most energetically favorable to Rb insertion at
small stoichiometry. As a consequence, the intercalants
would very unlikely move from their favored T or GT sites
to cross high potential barriers and penetrate the tube walls
to finally occupy an energetically less favorable site. More-
over, since our samples have never undergone any chemical
or physical treatment, the SWINT used for neutrons and x-ray
measurements in this work should be closed ends (as synthe-
sized SWNT powder), the Rb ions having thus no easy path
to penetrate inside the tubes. On the other hand, the diffrac-
tion simulations in Sec. V showed that the spectra corre-

PHYSICAL REVIEW B 78, 104108 (2008)

sponding to the interstitial sites strongly disagree with the
experimental x-ray diffraction patterns. Our results are very
similar to those reported for Ar adsorption on SWNT
bundles.’® At high Ar coverage it was found a significant
shift of the (10) peak toward small Q wave vectors. The
authors concluded that Ar atoms adsorbed at the outer bundle
surface. However the adsorption energy of an Ar atom is
much weaker than the insertion energy of a Rb in a SWNT
bundle.

In conclusion of the present study of Rb insertion, the
most likely intercalation sites are the surface sites. Our com-
bined experimental and theoretical study indicates that the
usually observed shift of the lattice (10) peak in x-ray dif-
fraction of rubidium-intercalated SWNT bundles is not due
to lattice expansion. As a consequence, the interstitial sites
are not the most likely intercalation sites, as previously be-
lieved. On the contrary, our work suggests that the bundle
surface or, in the case of high-temperature annealing longer
than the present case, the inner sites are the most probable
ones, and the only ones compatible with x-ray, neutron, ab
initio calculations, and diffraction simulations.
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